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013.06.0Abstract Micro turbine engine (MTE) is an important kind of propulsion system for miniature
unmanned aircraft or missiles, because of its better high-speed performance (than propeller propul-
sion) and higher propulsion efﬁciency (obviously than rockets). Windmill start is a common air-
starting mode used in micro turbine engine. The windmill starting characteristics are important
to the practical use of micro turbine engine. In this paper, the windmill starting characteristics
research for a 12 cm diameter (MTE-D) micro turbine engine is carried out by experiment and
numerical simulation. The characteristic of rotor mechanical losses at low-speed condition is stud-
ied, and the engine common working line of windmill starting process is obtained. Based on the
engine windmill characteristics, the propane ignition characteristics under different inﬂow condi-
tions are researched, and the envelope of propane ignition and propane ﬂameout is determined.
The experimental research of fuel supply and ignition characteristics is completed, and the envelope
of fuel supply and ignition is obtained. The windmill stage, propane ignition stage, fuel ignition
stage and acceleration process from idling-speed to 80% full speed of MTE-D micro turbine engine
is optimized, and the optimization windmill starting parameters are collected. The successful wind-
mill starting experiment under this condition with engine speed up to 80% full speed indicates that
these starting parameters are reasonable. All the starting parameters of MTE-D micro turbine
engine obtained in this work are dimensionless parameters, and the conclusions obtained in this
study have some reference to other micro turbine engines with the similar structural form and start-
ing process.
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Open access under CC BY-NC-ND license.1. Introduction
Micro turbine engines (MTEs), which have better high-speed
performance than propeller propulsion and higher propulsion
efﬁciency than rockets, were used as the power of miniature
aerial weapons such as small missile, unmanned aerial vehicle,
and individual aircraft.1–6 Most of these aircraft are air deliv-
ery or booster launch, so the starting process of micro turbine
engine usually uses air starting mode. The study on the microSAA & BUAA. Open access under CC BY-NC-ND license.
Fig. 1 Schematic of windmill start test bench for micro turbine
engine.
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tical application, and the study mainly focuses on the charac-
teristics during the windmill starting process.
The micro turbine engine starting process is different from
the large-size and medium-size turbine engines, especially in
the windmill starting mode. For large-sized and medium-sized
turbine engines, the windmill start is only used in the re-start
process when the engine blowout in air and its normal starting
mode uses starter auxiliary starting. On the contrary, the micro
turbine engine, due to its smaller power need, can use windmill
start as its normal starting mode.
In the ground state, micro turbine engine starting process
can be divided into three stages: compressed air blowing stage,
propane ignition start-up stage and fuel ignition start-up stage.
Compressed air blows the engine rotor to a certain speed. Pro-
pane ignition preheats the combustor, then sprays and vapor-
izes the fuel pushing the engine up to a right speed for fuel
ignition. The main purpose of fuel ignition start-up phase is
making the engine running to the balance speed with a suitable
fuel supply law. During the air starting process for micro tur-
bine engine, the compressed air blowing stage can be replaced
by the windmill stage. Micro turbine engine propane ignition
starting stage plays a connecting role in the entire windmill
starting stage, and it is the key to the whole start stage. So
the research on propane ignition characteristics is of important
signiﬁcance.
Many researches on turbine engine windmill start are com-
pleted.7–10 The main research methods are characteristic calcu-
lations11–15 and wind tunnel experiments.16 Due to the low
computational accuracy and the complex algorithms, the char-
acteristic calculation method is difﬁcult to apply to the micro
turbine engines. In this paper, through the ground test and
three-dimensional ﬂow ﬁeld simulation, the starting character-
istics of a micro turbine engine marked as MTE-D, such as the
windmill characteristics, low-speed characteristics, propane
ignition characteristics and fuel ignition characteristics, are re-
searched. The engine windmill start experiments are com-
pleted, which provide the foundation for the further study of
micro turbine engine windmill starting stage.ig. 2 Test platform for micro turbine engine windmill start
xperiment.2. Test platform for micro turbine engine windmill start
The engine gets a windmill speed at a certain ﬂight speed, and
that state is called the engine windmill state. In this research,
we designed a ground experimental system for windmill state
experiment. Through the ground test bench, the pressure dif-
ference between engine inlet and outlet is generated using a
vacuum pump to format the inlet ﬂow conditions correspond-
ing to different windmill states. Under terrestrial normal tem-
perature conditions, the experiment has been done for micro
turbine engine windmill starting stage with different inlet
velocities.
Fig. 1 illustrates the structure of the experimental device
which includes ﬂow tube, engine, vacuum pump, adjustment
system, control system, and data acquisition system. During
the experiment, the vacuum pump supplies the air ﬂow and
the engine back pressure is adjusted by the valve and air by-
pass, which provide the inlet ﬂow condition of different wind-
mill states.
Engine starting characteristics under different conditions
are obtained by monitoring and acquiring the parameters ofsome sections in real time. These sections are as follows: undis-
turbed cross section upstream of engine marked as 0–0, mea-
suring static pressure; compressor outlet marked as 2–2,
diffuser outlet marked as 3–3, measuring total pressure; com-
bustor outlet marked as 4–4, nozzle exit marked as 9–9, undis-
turbed cross section downstream of engine marked as 11–11,
measuring total temperature; turbine outlet marked as 5–5,
measuring total pressure and total temperature.
Fig. 2 shows the test platform for micro turbine engine
windmill start experiment. During the experiment, pressure
and temperature are measured by pressure scanning instru-
ment (PSI) and thermal couple, respectively, and rotation
speed is measured by self-developed speed sensor. Engine sta-
tus is displayed on the monitor real-time.
3. Windmill characteristics research of micro turbine engine
The windmill characteristics research of micro turbine engine
is the basis to study the windmill start stage. The engine wind-
mill characteristics are studied by the ground test. The vacuum
pump supplies the air to simulate the engine windmill state on
the test bed under the ground normal temperature condition.
The tests acquire the cross-section ﬂow parameters and moni-
tor the engine running status.
The engine windmill balance speed, the section pressures
and temperatures of more than 20 inﬂow conditions are col-
lected. Engine inlet velocity is deﬁned by the ratio of inlet total
pressure p* and exit static pressure pe, marked as p. Because
the engine inlet has total pressure loss in real windmill state,
the inlet total pressure recovery coefﬁcient is assumed as 0.95
to calculate the pressure ratio. Fig. 3 shows the relationship be-
tween engine windmill balance speed and ﬂow rate with theF
e
Fig. 3 Engine windmill balance speed and ﬂow rate variation at
different pressure ratios.
Fig. 6 Turbine calculation grid.
Fig. 5 Compressor calculation grid.
860 C. Xia et al.pressure ratio. In Fig. 3, N is the engine rotating speed, qm is
the air ﬂow rate.
There is a certain deviation between the test inlet velocity
and the real inlet velocity. Only equalize the test inlet velocity
with the free stream Mach number Ma1 can realistically re-
ﬂect the engine windmill characteristics. In order to closely re-
ﬂect the actual operation state of micro turbine engine, the
inlet Mach number is equivalent to altitude of 3 km, the nor-
mal working height of micro turbine engine. Fig. 4 shows
the linear relationship between the inlet velocity V0 and the in-
let Mach number Ma0. When the inlet velocity is 40 m/s, the
correspondingMa0 is 0.452, then the windmill balancing speed
is about 30000 r/min, approximately 25% of the engine design
speed, and the engine ﬂow rate is about 110 g/s, approximately
28% of the engine design ﬂow rate.
Based on the experimental results, the windmill working
status of compressor and turbine is simulated by NUAA Pro-
gram for Aerodynamics (NAPAs), three-dimensional ﬂow
analysis software developed by internal ﬂow research center
of Nanjing University of Aeronautics and Astronautics, and
then the low-speed impeller characteristics are obtained. The
compressor and turbine calculation uses the structure grid withFig. 4 Relationship between inlet velocity and inlet Mach
number.about 0.9 million nodes, as shown in Figs. 5 and 6. Five kinds
of speed states from 10% to 35% full speed are calculated, and
each speed corresponding to about 10 different back pressure
conditions. A total of nearly 100 different conditions, 400 h
of computing workload are completed.
Figs. 7 and 8 show the calculated compressor and turbine
characteristic under low-speed conditions, respectively. The
horizontal ordinate of these ﬁgures are the correct mass ﬂowFig. 7 Compressor characteristic map.
Fig. 8 Map of turbine characteristics.
Fig. 10 Characteristic of engine mechanical lose power and
efﬁciency.
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and the relative speed of turbine to the design speed. The com-
pressor characteristic chart shows that the line trend of com-
pressor characteristics at low speed is consistent with the
high-speed characteristics. When the compressor pressure ratio
ranges from 1.0 to 1.3, the compressor efﬁciency is from 40%
to 88% and the ﬂow rate is from 0 g/s to 250 g/s. The turbine
characteristic chart shows when the speed ranges from 0 r/min
to 37500 r/min, corresponding to 10% to 35% full speed, the
turbine pressure drop ratio varies from 1.0 to 1.8 and the tur-
bine efﬁciency is from 40% to 90%. In the low-speed condi-
tion, the turbine efﬁciency will be signiﬁcantly increased with
the engine speed increasing.
The power P characteristics of compressor and turbine are
shown in Fig. 9. The Ncor is the relative speed to the design
speed. The turbine power Pt under windmill condition varies
from 500 W to 4500 W, corresponding to 5% of design power
under thermal condition. As the speed increases, the compres-
sor power Pc and turbine power will increase obviously. When
the rotation speed increases from 20% to 35% full speed, the
turbine power can increase to nearly nine times. At the wind-
mill stage, the turbine power output is signiﬁcantly larger than
the compressor power consumption.
By means of the power balance of engine rotor, the charac-
teristics of engine mechanical lose power Ploss and engine rotor
mechanical efﬁciency g are obtained, as shown in Fig. 10. In
the windmill condition, engine rotor mechanical loss power
can be acquired through the turbine power output and com-
pressor power consumption. During the windmill stage, the
mechanical loss of engine rotor ranges from 0 W to 450 W,
and the rotor mechanical efﬁciency ranges from 89% to
96%. As the speed increases, the rotor mechanical efﬁciency
is declined rapidly.
4. Characteristics of propane ignition starter
During the windmill starting stage, propane ignition is the
foundation of fuel evaporation and atomization, directly
affecting the success of fuel ignition. It is the most critical step
during the starting stage. During the test, engine inlet velocity
cannot be measured directly. But there is a unique relationship
between inlet velocity and engine windmill balance speed.Fig. 9 Power characteristics of compressor and turbine.Before the propane ignition research, the study of engine wind-
mill characteristics is completed, and the relationship between
inlet velocity and engine windmill speed is obtained, as the ba-
sis of the engine propane ignition research.
4.1. Propane ignition characteristics of MTE-D micro turbine
engine
Under the windmill condition, the propane ignition of micro
turbine engine is mainly affected by the inlet velocity, combus-
tor propane concentration, inlet air pressure and temperature.
Because this experiment cannot research the inﬂuence of ﬂow
pressure and temperature variation on propane ignition char-
acteristics, this paper only studies the effect of inlet velocity
and propane concentration.
There exist the inlet velocity range and the propane concen-
tration range for successful ignition during the windmill start-
ing stage. In this paper, the propane ignition experiment at
four different windmill speeds is conducted. Table 1 shows
the parameters of engine propane ignition. In Table 1, Qm is
the engine air ﬂow rate. For each ﬂow condition, eight propane
gas amounts are supplied to do the propane ignition experi-
ments. The propane amount is regulated by the propane sup-
ply pressure.
Experimental results show that too low or too high propane
concentration will cause unsuccessful ignition at the same inlet
speed. As inlet velocity increases, the propane concentration
range for reliable ignition becomes narrow. When inlet velocity
is increased to a certain value, propane cannot be successfully
ignited. Based on the experimental results of four ﬂow condi-
tions, the reliable propane ignition envelope of windmill condi-
tion is obtained as shown in Fig. 11. For MTE-D microTable 1 Parameters of engine propane ignition.
V0 (m/s) Ma0 N (r/min) Qm (kg/s)
5.00 0.063 2160 0.014
6.60 0.083 3120 0.018
8.33 0.105 4260 0.023
10.33 0.130 5280 0.028
Fig. 11 Reliable propane ignition envelope of windmill
condition.
Fig. 12 Relationship of combustor exit temperature and inlet
velocity in four different propane ﬂow cases.
862 C. Xia et al.turbine engine, under windmill condition, the Ma0 range for
reliable propane ignition is 0.063–0.130 and the propane con-
centration range is 0.5%–1.34%. Only when the inlet Mach
number and propane concentration are in the reliable propane
ignition envelope, can the engine be reliable propane ignition.
When inlet velocity increases, the dwell time of air in the
combustion chamber will reduce. The reliable ignition needs
higher propane concentration in combustor. So the minimum
propane concentration for reliable propane ignition increases,
at the same time the ignition becomes difﬁcult and the reliable
ignition range is narrowing. But with the inlet velocity increas-
ing further, the engine air ﬂow will dramatically increase. The
growth rate of air ﬂow is far greater than the propane gas var-
iation for meeting the ignition need, so the minimum ignition
propane concentration for reliable propane ignition will
decrease. Fig. 11 also shows such variation trend. In Fig. 11,
fpropane is the propane relative concentration to the air ﬂow;
fmax and fmin represent the maximum and minimum propane
relative concentration.
4.2. Propane ﬂameout characteristics study of MTE-D micro
turbine engine
After successful propane ignition, variation of inlet velocity
and propane concentration can also lead to propane ﬂameout.
When the inlet velocity is too low, engine air ﬂow will reduce
and the hypoxia ﬂameout will occur; when ﬂow velocity is
too high, the air velocity through the combustion chamber is
faster than the ﬂame propagation velocity, and it can also lead
to blowout. At the same time, too low or too high propane
concentration will also cause the blowout. Therefore, during
the engine windmill starting stage, there exist the boundaries
of inlet velocity and propane concentration which can cause
the engine to stall.
When propane ignition is successful, adjust the air bypass
and valve to enhance the engine inlet velocity until the engine
ﬂameout, and then to obtain the engine propane ﬂameout
point to study the engine propane ﬂameout characteristics.
The propane blowout test is operated under four different pro-
pane gas pressure conditions, i.e., 0.20 MPa, 0.25 MPa,
0.30 MPa and 0.35 MPa.
The tests monitor the temperature of combustor exit,
marked as T4*, to determine the propane combustion statereal-time. According to the MTE-D micro engine ground test
results, if propane ignition is successful, the combustor exit
temperature is between 200 C and 300 C. Therefore, that
the temperature sudden sharp falls below 370 K is regarded
as the sign of propane blowout. Fig. 12 shows the relationship
of combustor exit temperature and inlet velocity in four differ-
ent propane ﬂow cases. In Fig. 12, Wf_pro is the mass ﬂow of
propane.
As the inlet velocity increases, the combustor exit tempera-
ture decreases linearly, as shown in Fig. 12. Without engine
stalling, when the inﬂow velocity increased by approximately
1.3 times, the combustor exit temperature would be reduced
by approximately 25%. At the same inlet speed, the greater
propane ﬂow causes the higher combustor temperature rise
and exhaust temperature. The combustor exit temperatures
of propane ﬂameout points under different propane ﬂow con-
ditions range from 390 K to 470 K. For the same propane
ﬂow, as the inlet speed increases, the combustor exit tempera-
ture is gradually reduced until engine blowout.
The respective ﬂameout point is obtained through the
experiments of four different propane ﬂows, then the inlet
velocity boundary and propane concentration boundary of
propane ﬂameout are deﬁned, as shown in Fig. 13. The hollow
symbol line is the envelope of reliable propane ignition, and
the solid symbol line is the envelope of propane ﬂameout. Only
when the engine inlet velocity and propane concentration val-
ues fall outside the ﬂameout envelope, propane will blowout,
after the propane is ignited successfully. The envelope of pro-
pane ﬂameout is much larger than the envelope of reliable pro-
pane ignition. For MTE-D micro turbine engine, under
windmill condition, the inlet Mach number range for stable
propane combustion is 0.063–0.315 and the propane concen-
tration range is 0.12%–14.4%.
5. Study on fuel ignition and starting characteristics
5.1. Study on the effect of propane ignition starting
Conventional fuel atomizer and other atomization device have
large size and complex structure. It cannot be used in the micro
turbine engine due to its small size and compact structure. So
micro turbine engine mainly uses the evaporating pipe to
Fig. 13 Boundary map of propane ﬂameout in windmill case.
Fig. 14 Effect of inlet air velocity and propane concentration on
preheating engine combustion chamber.
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and evaporation is affected signiﬁcantly by temperature. One
of the main purposes of propane ignition during engine start-
ing stage is to preheat the combustion chamber and improve
the fuel atomization and evaporation effect.
In order to obtain the effects of different ﬂow conditions
and propane concentrations at micro engine starting stage,
the propane ignition experiment is carried out with four inlet
conditions and six propane ﬂow rates. The experimental
parameters are shown in Table 2.
5.1.1. Effect of propane ignition on combustor preheating
The effect of propane ignition on combustor preheating can be
evaluated by the combustor exit temperature. The higher com-
bustor exit temperatures, the better propane ignition preheats
of the combustion chamber.
The temperature of fuel ignition success is 870 K, so the fuel
ignition must heat the temperature of combustion chamber
head above 870 K. The air input ratio of head and tail of com-
bustion chamber is 1:2. After the high temperature gas of head
cooled by the low temperature air, the combustor exit temper-
ature should not be less than 465 K.
Fig. 14 shows the inlet condition and propane concentra-
tion effect on preheating engine combustor. At the same inlet
velocity, the higher propane concentration is, the greater heat
will be released by propane burning. Thus, to a certain amount
of air ﬂow, if the combustor exit temperature is higher, the
combustor preheating effect will be better. In different propaneTable 2 Parameters of propane ignition experiments.
Case N (r/min) V0 (m/s) Ma0 Wf_propane (g/s)
1 2220 6.39 0.080 0.067
2 2220 6.39 0.080 0.076
3 2220 6.39 0.080 0.079
4 3120 6.75 0.085 0.076
5 3120 6.75 0.085 0.079
6 3120 6.75 0.085 0.084
7 4440 9.14 0.115 0.084
8 4440 9.14 0.115 0.089
9 5160 10.52 0.132 0.089
10 5160 10.52 0.132 0.094concentrations and inlet conditions, the realizable preheating
temperature is about 450–750 K.
For the same propane concentration condition, when the
inlet velocity increases, the engine air ﬂow and propane ﬂow
increase evidently, and the heat released by propane burning
increases too, which can promote the preheat effect. If the inlet
velocity is higher, the impact of the propane concentration var-
iation on combustor preheating is greater and the curve slope
of combustor exit temperature with propane concentration
variation is greater.
Based on the combustor preheating temperature lower limit
of 465 K, Fig. 13 shows that, to meet the fuel ignition demand,
the inlet Mach number range of propane ignition is 0.080–0.132
and the propane concentration range is 0.31%–0.44%.
5.1.2. Effect of propane ignition on engine speed
Another main purpose of propane ignition during engine start-
ing stage is to increase the engine speed and air ﬂow, to com-
plete the engine fuel ignition starting stage. Therefore, the
propane ignition experiment also researches the effects of inlet
condition and propane concentration on the engine starting
speed of propane ignition, as shown in Fig. 14. Based on the
ground test results of MTE-D micro engine, the minimum en-
gine speed of fuel ignition is 6000 r/min, as the black line shows
in Fig. 15.
Fig. 15 shows that after propane ignition the engine balanc-
ing speed range is from 3200 r/min to 11200 r/min by using the
propane ignition form, two times of the windmill balancing
speed. For a certain inlet condition, the engine balancing speed
is increased with the increase of the propane concentration.
When the Ma0 is 0.080, if propane concentration increases
by 12.5%, the balancing speed will increase by 25%; when
the Ma0 is 0.132, if propane concentration increases by
5.5%, the balancing speed only increases by 3%. It is indicated
that with the increase of the inlet velocity the affected magni-
tude of the propane concentration on engine balancing speed is
reduced.
When theMa0 is 0.080, if inlet velocity increases by 5%, the
engine windmill balancing speed and propane ignition balanc-
ing speed will increase by 40%; when the Ma0 is 0.132, if inlet
velocity increases by 15%, the engine windmill balancing speed
and propane ignition balancing speed will increase by 16%. It
Fig. 15 Diagram of engine balancing speed with propane
concentration.
Fig. 16 Fuel supply and ignition envelope of micro turbine
engine.
Table 3 Results of fuel supply and ignition experiment.
N (r/min) PWM Wfuel (g/s)
1500 4.19 0.56
4.34 0.78
4.49 1.00
3300 4.19 0.56
4.34 0.78
4.49 1.00
4080 4.19 0.56
4.34 0.78
4.49 1.00
5000 4.19 0.56
4.34 0.78
4.49 1.00
864 C. Xia et al.is indicated that with the increase of the inlet velocity the af-
fected magnitude of the inlet velocity on engine balancing
speed is reduced.
Fig. 15 shows that the inlet Mach number range and pro-
pane concentration of propane ignition for reliable fuel igni-
tion are from 0.085 to 0.132 and 0.31% to 0.42%,
respectively. This is also the range for achieving better combus-
tor preheating effect and propane ignition balancing speed.
5.2. Fuel supply and ignition characteristics research of MTE-D
micro turbine engine
After the propane is ignited successfully and the combustor is
heated up to a certain temperature, the engine speed and air
ﬂow further increase, then the fuel is supplied and ignited. Fuel
ignition starting stage is the key step of engine windmill start-
ing stage, and the study of factors affecting the fuel ignition
starting stage is very important. The major factors affecting
fuel ignition starting stage are combustor entrance velocity,
fuel/air ratio in combustion chamber, the total temperature
and total pressure of combustor, etc.
In order to study the effect of inlet air condition and initial
fuel amount on engine fuel ignition, the fuel ignition experi-
ments under four inﬂow conditions are completed, each condi-
tion with nine different fuel and propane amounts. The tests
collect the pressure, temperature, amount of fuel and propane,
and record the successful fuel ignition. The fuel supply and
ignition experimental results are shown in Table 3. In Table 3,
PWM is the throttle lever position, and Wfuel is the fuel mass.
By analyzing the test results, the fuel supply and ignition enve-
lope of micro turbine engine are obtained, as shown in Fig. 16.
Experimental results show that for a certain inlet velocity
condition, fuel/air ratio is too small or too large which will
cause the fuel ignited unsuccessfully. As inlet velocity in-
creases, the fuel/air ratio for reliable ignition becomes nar-
rower. When the inlet velocity increases up to a certain
value, the fuel cannot be ignited successfully. Through the sta-
tistical analysis of the fuel ignition experimental results in four
different inlet conditions, the envelope of reliable fuel ignition
under windmill condition is obtained. Fig. 16 shows that forMTE-D micro turbine engine, the inlet Mach number range
and fuel/air ratio for reliable fuel ignition under windmill con-
dition are 0.045–0.315 and 2.38%–7.78%, respectively. Only
when the engine inlet velocity and fuel/air ratio values fall in-
side the fuel ignition envelope, the fuel ignition will be
successful.
6. Windmill starting stage optimization
Based on the experimental results and the ignition start-up
parameter ranges at windmill starting stage, propane starting
stage and fuel starting stage, this paper optimizes the various
engine stages with the engine rotating speed from 0% to
80% full speed. The optimize target is to make the acceleration
time of starting process the shortest.
6.1. Optimization of windmill starting stage and propane starting
stage
The windmill tests under three states with the engine inlet
Mach number of 0.079, 0.082 and 0.104 are completed. The en-
gine speed variation laws of the three states from 0 to the wind-
mill balance speed are obtained, respectively, as shown in
Research on windmill starting characteristics of MTE-D micro turbine engine 865Fig. 17. The experimental results show that the greater engine
inlet velocity, the shorter time to reach the windmill balance
speed. All the time to the windmill balance speed is less than
1 s. Consider the shortest acceleration time of windmill stage,
the optimal engine inlet Mach number under this experimental
condition is 0.104. The shortest time to the windmill balance
speed is 9.6 s.
When the engine inlet Mach number is 0.096, 0.142 and
0.157, the engine balance speed after propane ignition is
7740 r/min, 8220 r/min and 9300 r/min, respectively, as shown
in Fig. 18. The shortest acceleration time of propane starting
stage is 13 s under conditions of the inlet Mach number being
0.142.
A high initial fuel supply will cause the higher combustor
temperature and exhaust temperature, which will go against
the engine operation. So the initial fuel supply must be opti-
mized. Under this experimental condition, the optimum engine
initial fuel supply is 0.56 g/s, equivalent to 8.4% of full speed
stable fuel supply.
The windmill starting stage, propane starting stage and fuel
starting stage are optimized under this experimental condition,
and the optimum start-up parameters of windmill startingFig. 17 Relationship between engine speed and time at different
inlet velocities.
Fig. 18 Effect of engine inlet velocity on propane ignition
starting.stage to fuel starting stage are obtained as follows: the inlet
Mach number of propane ignition is 0.082, the speed of pro-
pane ignition 3360 r/min, the propane supply 0.125 g/s, the in-
let Mach number of fuel ignition 0.144, and the initial fuel
supply 0.56 g/s, equivalent to 8.4% of full speed stable fuel
supply.
6.2. Optimization of fuel starting stage
The micro engine is ignited at the same inlet velocity, propane
pressure, propane ﬂow and ignition speed. The inﬂuence of
fuel supply laws of different acceleration process such as uni-
form acceleration (marked as Law A), the slow down acceler-
ation (marked as Law B) and the ﬁrst slow then fast
acceleration (marked as Law C) on the engine fuel starting
stage is obtained. Fig. 19 shows the rotating speed variation
with time under the different fuel supply laws. During the pro-
cess from the starting state to idle state, the acceleration of fuel
supply Law B is the shortest. It is shown that the optimal fuel
control law is ‘‘ﬁrst fast then slow’’. The main purpose of this
work is to identify a better fuel law. During the tests, to ensure
the safety of the experimental process, while avoiding the dam-
age of the vacuum pump when the hot gas is exhausted, the
manual fuel supply is slow. In the actual application process,
the acceleration time of fuel start stage can be signiﬁcantly re-
duced by automatic control.
6.3. Optimization above idle speed stage
When the engine enters the idle state, fuel is supplied automat-
ically by full authority digital electronic control (FADEC) with
different fuel laws and the rotating speed increases to 80% full
speed. Fig. 20 shows the engine acceleration process with four
different fuel supply laws. The engine acceleration time is 10 s,
17 s, 75 s and 150 s, respectively, corresponding to these four
fuel law conditions. The maximum engine acceleration is
6500 (r/min)Æs-1 and the shortest acceleration time is 10 s dur-
ing the acceleration process under the condition of the fuel
law. The optimization fuel law is divided into two acceleration
processes. The preceding fuel slope, the duty cycle change of
fuel supply voltage during unit time, is 0.79 and the following
fuel slope is 0.14. Under this fuel law condition, the engineFig. 19 Diagram of rotating speed variation with time under
different fuel supply laws.
Fig. 20 Diagram of rotating speed variation with different fuel
supply laws.
866 C. Xia et al.acceleration time can be shortened by 93%, compared to the
150 s acceleration process.
6.4. Optimization of entire windmill starting and accelerating
stage
The optimal start-up ignition parameters and fuel supply law
are used in the engine windmill starting stage under FADEC
control, and the optimal engine windmill starting and acceler-
ation stage is obtained, as shown in Fig. 21.
The acceleration time of windmill starting stage is 9.6 s, that
of propane ignition starting stage is 5.6 s, that of fuel ignition
starting stage is 10.5 s, and that of acceleration process from
idling-speed to 80% full speed is 9.9 s. The total time of engine
windmill starting stage is 25.7 s and the acceleration time of en-
tire engine windmill starting and accelerating process is greatly
shortened up to 35.6 s.
The fuel supply laws during the fuel ignition starting stage
are the same. But the sensitivity of manual operation is not as
well as FADEC control. So the acceleration time of fuel igni-
tion starting stage controlled by FADEC is shorter than the
manual operation result of Fig. 19.Fig. 21 Optimal engine windmill starting and acceleration stage.7. Conclusions
This paper shows the studying results of the windmill charac-
teristics, propane ignition characteristics and fuel ignition
characteristics of MTE-D micro turbine engine by ground test
and 3D numerical simulation. The conclusions are as follows:
(1) By the engine windmill tests and the numerical simula-
tion of compressor and turbine, the low-speed charac-
teristic of compressor and turbine, the mechanical
loss efﬁciency of low-speed rotor and the engine com-
mon operating line of windmill starting stage are
obtained.
(2) The envelope of propane ignition and the envelope of
propane ﬂameout are determined. Under the windmill
condition, the inlet Mach number range and propane
concentration for reliable propane ignition is 0.063–
0.130 and 0.502%–1.343%, respectively; the inlet Mach
number range and propane concentration for stable pro-
pane combustion is 0.063–0.315 and 0.12%–14.4%,
respectively.
(3) The experiments of engine fuel supply and ignition char-
acteristics under windmill condition are done. The fuel
supply and ignition envelope of MTE-D micro turbine
engine are obtained. The minimum combustor tempera-
ture for reliable fuel ignition is 465 K, and the minimum
fuel ignition engine speed is 6000 r/min.
(4) In this paper it is optimized the ignition and starting
parameters of engine starting and acceleration stage,
shown as follows: the optimal inlet Mach number,
engine rotor speed and propane ﬂow rate of propane
ignition are 0.082, 3360 r/min and 0.125 g/s, respec-
tively; the optimization inlet Mach number of fuel igni-
tion is 0.144; the initial optimal fuel ﬂow rate is 0.56 g/s,
equivalent to 8.4% of full speed stable fuel supply. The
optimal fuel law of the stage above idle speed is divided
into two acceleration processes. The preceding fuel slope
is 0.79 and the following fuel slope is 0.14.
(5) Under this experimental condition, the entire engine
windmill starting and accelerating process is optimized,
and the acceleration time of entire process is shortened
signiﬁcantly up to 27 s.
(6) In this paper, all the engine parameters described and
the starting law of MTE-D micro turbine engine are cor-
rected parameters, having nothing to do with the engine
geometric dimensions. Based on the similar principles,
these conclusions obtained in this paper have some ref-
erence to other micro turbine engines with similar struc-
tural form and starting process.
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